the method of Rout and Blobel (1993) and utilized computational methods to select the fraction with the highest degree of structural preservation. A representative subset of 8-fold symmetric yNPCs within this fraction were identified by rotational power spectra analysis, and the appropriate two-and three-dimensional maps were calculated.
Mass and Symmetry of Yeast NPCs
We have used dark-field imaging in the scanning transmission electron microscope (STEM; Wall and Hainfeld, 1986) to estimate the mass average of the enriched and highly enriched fractions of yNPCs, isolated by the method of Rout and Blobel (1993) . The data for highly enriched yNPCs is shown in Figure 2A and gives a Gaussian-fitted peak of 54.5 MDa (s ϭ 10.1). Similar mass values were obtained for enriched yNPCs and cross-linked yNPCs from the highly enriched fraction (Yang, 1997) . The STEM mass data and earlier estimates obtained by light scattering and sedimentation methods (Rout and Blobel, 1993) overlap significantly and place the mass of the yNPC between 55 and 66 MDa. Previous measurements rely on bulk properties of the sample and are influenced by "larger" particles (Rout and Blobel, 1993) , while the STEM measures individual particles to form a mass spectrum. Hence, the differences between is consistent with the smaller size of the yNPC observed is framed top and bottom by the cytoplasmic (CR) and nuclear (NR) in thin sections of cells and nuclei (Rout and Blobel, thin rings that serve as attachment sites for cytoplasmic particles 1993; Strambio-de-Castillia et al., 1995) and with our (CP) and filaments and the nuclear basket. The spokes are embed-3-D analysis. isolation. Therefore, we have carried out a detailed analysis of the preservation of detergent-solubilized yNPC fractions using 2-D averages (Frank et al., 1996; determined by electron cryomicroscopy and image pro-1989) and rotational power spectra analysis (Crowther cessing. The resulting maps have been compared with and Amos, 1971; Kocsis et al., 1995) . Although the highly their vertebrate counterparts, to provide insights into enriched fraction is biochemically cleaner, projection the function and evolution of the NPC and its subassemmaps suggested that the enriched yNPCs have less blies. Overall, the yNPC is smaller than the vertebrate circumferential distortions within the spokes (Yang, NPC (vNPC) and maintains a conserved inner spoke ring 1997). Hence, we chose the enriched fraction for twoand central transporter. In addition, yeast and vertebrate and three-dimensional cryodata collection. After visual NPCs both interact with the NE at comparable radii using selection, rotational power spectra were calculated from similar spoke domains. However, the yNPC does not the untilted yNPCs. This provided a "one-dimensional have a lumenal spoke ring but rather has evolved a novel diffraction pattern" that was used to evaluate particle membrane-interacting ring that is comprised of 8 linear preservation, allowing us to choose the best yNPCs for arms and 8 membrane-spanning spoke domains. In profurther analysis. A histogram of rotational 8-fold power jection maps, the central yNPC transporter is visualized within the dataset is presented in Figure 2B . Particles in 3 possible transport-related configurations and demwith a low signal-to-noise ratio, strong elliptical distoronstrates 2 related "in transit" forms, similar to that tions, or physical damage were excluded, based on the observed in vertebrate transporters (Akey and Goldfarb, lack of a significant 8-fold harmonic in their power spec-1989; Akey, 1990) . The implications of these observatra (dotted curve in Figure 2C ). Roughly half of the partitions for the mechanism of nucleocytoplasmic transport cles demonstrated 8-and 16-fold harmonics in their are discussed. spectra ( Figures 2C-2E ), reflecting the 8-fold symmetry of the yNPC (Rout and Blobel, 1993) . Results
Structure of the Isolated Yeast NPC and
The resolution that is attainable with supramolecular
Interactions with the Nuclear Envelope assemblies in the electron cryomicroscope is often limWe calculated projection maps for both detergent-soluited by the biochemical stability of the specimen. Therefore, we have characterized yNPC fractions isolated by bilized (dform) and nuclear envelope-associated (mform) yNPCs in frozen-buffer and negative stain, respectively diameter of ‫069ف‬ Å and is comprised of 8 spokes. Each spoke has 2 radial domains (circles labeled 1 and 2), (Figures 3A and 3B) . These maps were then compared with similar published maps of the vNPC ( Figures 3C with the proximal domains forming an inner spoke ring. The inner spoke ring encircles a central blurred disk and 3D; Akey, 1995) to understand the structural basis of previously observed size differences and to identify that represents a global average of the transporter. An additional linear arm of density extends radially from the membrane-interacting spoke domain within the yNPC.
the inner spoke ring and is connected circumferentially to both of the neighboring spoke 2 domains, to form a In Figure 3A , the dform map of the yNPC has an outer (C) Map of vNPCs without nuclear membranes in frozen buffer. The radial arm is indicated (RA), and three radial spoke domains are labeled (1)-(3) (with circles). The position of the NE is shown by contours from the appropriate difference map (Akey, 1995) . (D) Map of vNPCs associated with the NE in frozen buffer (Akey, 1995) . The three radial spoke domains (closed circles) and the NE (*) are indicated. Protein and membranes are open; scale bar ϭ 300 Å . ring. The spokes display approximate 2-fold symmetry The similar diameter of the yeast and vertebrate transporters and the shared 8-fold symmetry of the spokes when mirrored about the arrow labeled 2 (which bisects the spokes); however, the linear arm is displaced cirwould argue that the yeast transporter has 8-fold symmetry, and this property was used in the following analycumferentially in a counter-clockwise direction from a "local" 2-fold axis (located between the spokes as sis. Classification was used to eliminate yNPCs with poorly defined transporters and to sort the remaining shown in Figure 3C ), to interact preferentially with an adjacent spoke. This deviation from 822 symmetry may pore complexes into transporter groups (Akey, 1990; Frank, 1990) . This analysis resulted in projection maps have arisen during purification, as similar circumferential distortions are present in vNPCs (Akey and Rader- of three transporter classes shown in Figures 4A-4C , and a global average (see Figure 4D and averaged power macher, 1993).
A comparison of 2-D maps from yeast and vertebrate spectrum in Figure 2E ). There are two prominent classes in which the transNPCs suggests a reason for the observed size differences. Vertebrate spokes have 3 radial domains in proporter ring encircles central material, that may represent transport substrates trapped within the channel during jection with the positions of the innermost 2 domains being equivalent to those in yNPCs (Figures 3A and 3C, spheroplast lysis (Figures 4B and 4C) . The diameter of the transporter in Figure 4C is ‫%31ف‬ larger than in Figure  Table 1 ). A second projection map of the yNPC reveals that the spokes have 2 radial domains when the nuclear 4B, and this radial expansion was correlated with an increase in central substrate density (after scaling within membrane is present ( Figure 3B , see circles). Hence, it seems unlikely that the "best" yNPCs have lost major the spokes). Indeed, the intensity of the central substrate disk was computationally truncated to provide an equivspoke domains during solubilization and purification. We suggest that the yNPC spoke may be intrinsically alent display of the spokes in Figures 4B and 4C. Transporters with a similar "in transit" morphology were idensmaller than its vertebrate counterpart.
Although yeast and vNPCs differ in lateral diameter tified previously in vNPCs ( Figure 4E ; Akey and Goldfarb, 1989; Akey, 1990) . In Figure 4A , the central transporter and mass, some features of their interaction with the NE are conserved. In Figure 3B , the nuclear membrane ring surrounds an apparently empty central channel.
However, a comparison of the channel density with is present as a strong band of circumferential density that interacts with the second spoke domain in yNPCs.
background levels suggests that these transporters may contain some residual material, as this class may have This interaction occurs at a similar radius within vNPCs ( Figure 3D and contoured difference map in Figure 3C ; originated from the two "in transit" classes by the loss of trapped substrates during isolation. Finally, the central Akey, 1995) . However, there are notable differences between yeast and vertebrates in the details of this interacplacement of the transporter within the inner spoke ring creates a set of 8 low density features that may form tion. For example, the yNPC has an additional linear arm that is not observed in the mform yNPC map, because diffusion pores in both "species" (open circles in Figures  4A and 4E ). These data suggest that transporters are it is likely buried within the membrane.
general features of all NPCs and reinforce the concept that the transporter represents a gated channel involved Visualization of Multiple Forms in nucleocytoplasmic transport (Akey and Goldfarb, of the Central Transporter 1989; Akey, 1990; Akey and Radermacher, 1993) . The diameter of the globally averaged central transporter in yNPCs is similar to that observed in vNPCs ‫083-053ف(‬ Å ; Akey, , 1990 . The vertebrate transThree-Dimensional Structure of the yNPC Three-dimensional maps were calculated of the yNPC porter appears to have 8-fold symmetry, as 8 internal ring filaments link the transporter to the cytoplasmic to provide insights into the architecture of this assembly. However, we found that 3-D maps required ‫006-005ف‬ and nuclear thin rings (see Figure 1 ; , and these data are consistent with previous labelyNPCs to provide an acceptable signal-to-noise ratio with these data. Hence, at this stage we computed a ing studies using MAb414 (Akey and Goldfarb, 1989) . (Akey, 1990) . Note the similar "in transit" morphology in both vertebrate and yeast transporters. Scale bar ϭ 300 Å .
3-D map of the global transporter class (GBT class).
centered on the spoke ( Figure 5B ). In this view, the spoke is composed of an inner spoke domain that spans the In addition, we used classification to obtain the most homogeneous spoke class (SC), irrespective of the qualentire yNPC and a second domain located at the spoke midplane (dashed lines). These domains are joined at ity of the associated transporter, and computed the SC map.
the top and bottom of the inner spoke ring by a bridging density that forms an angle of ‫05ف‬Њ relative to the central Central cross-sections 100 Å thick and oriented parallel to the original position of the NE are shown in Figures plane (closed circle in Figure 5B ). Weak density present at the top and bottom of the spokes (open arrows, Figure  5A and 5C, for the GBT and SC 3-D maps. In general, the spokes are similar in both maps, but as expected, 5B) may represent disordered filaments and nuclear baskets, as filaments were observed radiating from the the central transporter is rather disordered in the SC map. In this view, the spokes form an inner spoke ring, yNPCs in dark-field STEM images (not shown) and peripheral filament proteins such as Nup159p are retained comprised of spoke domain 1 and the proximal end of the linear arms (inner closed circle, Figure 5C ). In addiin these preparations (Kraemer et al., 1995) . The transporter in the GBT 3-D map ( Figure 5B ) contains a central tion, the second spoke domains are interconnected with the distal end of the linear arms (outer closed circle, bright density that may reflect substrates trapped within the cylindrical walls of the channel assembly (TW). Over- Figure 5C ) to form a continuous ring. This feature is located at a radius that would place a majority of the all, the isolated yNPC is a disk with dimensions of 960 Å ϫ 350-380 Å (Table 1) . A strongly thresholded surface ring within the nuclear membrane, while the most distal parts of the ring may protrude into the lumen. Hence, view of the spokes without the central transporter reveals the connectivity of the spoke domains ( Figure 5D ). we have named this novel feature the "membrane ring." Additional evidence for this membrane ring was ob-
The second radial spoke domain extends from the inner spoke ring with its attendant bridging density, and the tained after detergent or heparin extraction of NEs or yNPCs, respectively .
linear arm is located between adjacent spokes. The relationship between the central transporter, the Extracted NEs show a filamentous meshwork in which ring structures are embedded, while strongly heparininner spoke ring, and the membrane ring is shown in surface views of the GBT 3-D map ( Figures 6A-6D ). In ized yNPCs give rings with a diameter commensurate with the size of the membrane ring. Figures 6A and 6B , the spoke-transporter assembly is viewed obliquely from the bottom and top of the 3-D Prominent spoke features were revealed by calculating an angular projection that covered an arc of ‫5.22ف‬Њ, volume, respectively. Face-on and side-on views of the circle in Figure 6C ), as observed in vertebrate NPCs (Akey and Radermacher, 1993) . Hence, these internal channels may play a role in the passive diffusion of small molecules between the cytosol and nucleus. in the yNPC preparation using mass spectrometry (D) A highly thresholded surface view of the GBT spoke ring is (M. P. R. et al., unpublished data). Third, filaments were shown; spoke domain (2), the inner spoke ring (ISR), and the linear arm are marked. Scale bar ϭ 300 Å .
Discussion
observed radiating from yNPCs in dark-field STEM images. As filament components such as Nup159p are retained in these preparations (Kraemer et al., 1995) , 3-D map are shown in Figures 6C and 6D . The inner the data indicate that peripherally associated nups are spoke ring encircles the central transporter and may present in the isolated yNPCs. Thus, the best yNPCs function as a central organizing assembly within the are likely to contain a full (or nearly full) complement of yNPC. The membrane ring is formed by circumferential nups. connections between the second spoke domains and All existing evidence suggests that yNPCs are fundathe adjacent linear arm ( Figure 6C ), and when viewed mentally smaller than vNPCs. For example, yNPCs have from the side, this feature is not flat, but rather forms a a simple disk-like appearance in thin sections of whole sinusoidal ring (closed circles in Figure 6D) . cells, nuclei, and NEs but do not contain the distinctive In the 3-D map, the central transporter is a cylinder features at the surface of the NE that correspond to with dimensions of ‫053ف‬ ϫ 300 Å . In addition, weak the thin coaxial rings in vertebrate NPCs (Franke and densities interconnect the top and bottom surfaces of Scheer, 1974; Rout and Blobel, 1993 ; Strambio-de-Casthe inner spoke ring and transporter; these features may tillia et al., 1995). The overall dimensions of our structure be below the current resolution or partially disordered are in excellant agreement with measurements from thin (not shown). Density identified as transport substrate in sections of yeast nuclei (Rout and Blobel, 1993) , and 2-D maps is visible at the center of the transporter ([S] the morphology is similar. Interestingly, the thickness in Figures 6A and 6C) . Hence, the GBT 3-D map may of the NE lumen is markedly different in these two eurepresent transporters trapped in a number of differing karyotes: in yeast, the NE is ‫003-052ف‬ Å thick (31 meaconfigurations during spheroplast lysis. Interestingly, surements from thin sections of 6 yeast nuclei in cells), the transporter differs in the degree of radial expansion while in vertebrates, the NE is ‫006-005ف‬ Å wide (e.g., present at either end of the cylindrical channel. These see Pante and Aebi, 1996) . differences may reflect an intrinsic size asymmetry of In vertebrate NPCs, the inner and outer nuclear memimport and export substrates that is maintained in the branes are in close apposition to the thin nuclear and averaged map. Finally, internal channels are located between the transporter and the inner spoke ring (open cytoplasmic rings and their connecting spoke domains and Radermacher, 1993; . However, the thin coaxial rings are not present in the flects the mass of the respective NPCs ‫06ف(‬ MDa versus ‫521ف‬ MDa). However, vNPC domains located at high yNPC 3-D map (see next section). We suggest that major differences in the thickness of the NE lumen are correradius (the coaxial thin rings, cytoplasmic particles, and lumenal ring) form a more open structure, and this related with the vertical size of the spokes and their mode(s) of interaction with the nuclear membrane.
sults in an ‫-5ف‬fold volume increase relative to the yNPC. When viewed from the side, the vNPC is comprised of Hence, this observation signals a fundamental change in the architectural scale of the NPC in the two distantly four major ring systems surrounding the central transporter, including the inner spoke ring, the cytoplasmic related "species."
Additional evidence for the smaller yNPC is as follows. and nuclear thin rings, and the lumenal ring ( Figures  1, 7C , and 7D). The isolated yNPC is simpler and is There is no lamin homolog in yeast; thus, domains of the nuclear thin ring and spoke surface that interact comprised of an inner spoke ring that encircles the central transporter and an outer membrane interacting ring. with the lamina in vertebrates (Jarnik and Aebi, 1991; are not required in yNPCs.
We did not detect structural equivalents of the thin cytoplasmic and nuclear rings, cytoplasmic particles, or the Abundant transmembrane nups in vNPCs (e.g., gp210 and Pom121) are not present in yeast; hence, the correlumenal spoke ring in the yNPC ( Figures 7A and 7B) ; however, the dimensions of our 3-D structure are in sponding lumenal spoke domains are absent in yNPCs. In addition, initial solubilization studies using both nuclei good agreement with measurements of yNPCs from thin and NEs revealed yNPCs with a size and morphology sections of cells. similar to that found in the enriched preparation (Rout Why is the vNPC larger than the yeast pore complex ? and Blobel, 1993) . Finally, projection maps of both dform Yeast and vertebrate NPCs have undergone divergent and mform yNPCs show a similar two-domain spoke evolution from a common ancestral pore complex; hence, morphology; yet these preparations are made very difsignificant changes in morphology may have resulted ferently, and the nuclear membrane is expected to stabifrom alterations in surface loop size within nup homolize the spokes. When taken together, all of the morphologs. Thus, vertebrate nups are often larger than their logical and biochemical data indicate that yNPCs are yeast counterparts (e.g., vNup107p versus yNup84p). fundamentally smaller than vNPCs; hence, our 3-D map However, each NPC may also have a complement of of the isolated yNPC is likely to represent the basic nucleoporins that comprise domains not present in the architecture of the spoke-transporter assembly.
other. A more useful comparison of these distantly related NPCs can be made from diagrammatic cross-sections Functional Implications of Differences in Yeast and Vertebrate NPC Structure of the structures (Figures 8A and 8B ; Akey, 1995) . Importantly, the equivalence of the inner spoke ring and posiSurface maps of yeast and vNPCs are presented to scale in Figures 7A/7B and 7C/7D. The yNPC is smaller tion of the NE was used to align vertebrate and yNPCs as shown in Figure 8A and inset. In this alignment, the NE, although they share conserved transmembrane spoke domains. Notably, yNPCs have a novel linear arm inner and central spoke domains of vNPCs have equivalent domains in yNPCs, with the central or second spoke located between adjacent spokes that, together with spoke domain 2, forms a membrane ring ( Figure 8B , domains making a similar transmembrane insertion. In addition, the radial and vertical dimensions of these left). The membrane ring may function to anchor the inner spoke ring of yNPCs into the NE and provide cirtwo domains are similar (Table 1) . As cytoplasmic and nuclear thin rings are not present in yNPCs, the spoke cumferential stabilization. Recently, Pom152p has been immunolocalized near the outer surface of the yNPC domains that support the thin rings are missing. These include the inner and outer vertical supports that form (Wozniak et al., 1994) ; hence, we suggest that Pom152p may comprise part of the membrane ring (Strambioa part of the respective surfaces of the vertebrate spoke. As suggested, the thin coaxial rings and lumenal ring . Moreover, many nup mutants display an altered NE morphology (Doye and Hurt, 1997 ) may stabilize the larger vertebrate spokes and function in transport or its regulation (Hinshaw et al., 1992;  Akey that may reflect the close proximity of the spoke domains to the nuclear membrane in the smaller yNPC. and Radermacher, 1993; Akey, 1995) .
Cytoplasmic filaments and the nuclear basket provide A feature unique to the vNPC is a ring present within the NE lumen, comprised of the lumenal spoke domains transport substrate docking sites (Richardson et al., 1988; Kiseleva et al., 1996; Pante and Aebi, 1996) and and adjacent radial arms ( Figure 8B , right). Gp210 is a major membrane protein of the vNPC and is thought to are attached to the cytoplasmic and nuclear thin rings in vNPCs (Jarnik and Aebi, 1991; Ris, 1991;  Goldberg be a component of the lumenal ring (Greber et al., 1992; Wozniak and Blobel, 1992; Akey and Radermacher, and Allen, 1992) . Biochemical and morphological data suggest that yNPCs also have these peripheral assem-1993). Our data are consistent with the lumenal position of gp210, as yNPCs do not have a lumenal ring and blies (Rout and Blobel, 1993; Kraemer et al., 1995; M. P. R., unpublished data) . Presumably, the primary there is no gp210 homolog in the yeast. During open mitosis, vNPCs disassemble into soluble subcomplexes attachment sites for these assemblies have been conserved, but may be augmented by the thin rings in vertein response to phosphorylation (Macaulay et al., 1995; Favreau et al., 1996) . As gp210 is specifically phosphorybrates. For example, Nup88p has been implicated in the attachment of the cytoplasmic filament protein CAN/ lated in mitosis (Favreau et al., 1996) , this nup may play a role in NPC disassembly. Hence, the lack of gp210 Nup214p to the vNPC (Bastos et al., 1997; Fornerod et al., 1997) . However, there is no yeast protein with and a lumenal ring may reflect the absence of NPC disassembly during closed mitosis in yeast. significant sequence similarity to Nup88p, although Nup159p is a yeast homolog of CAN/Nup214p; hence, Recently, it was postulated that spoke conformational plasticity may mediate the down-regulation of both acNup88p may represent a vertebrate-specific protein of the cytoplasmic rings or particles.
tive transport and the diffusion of small molecules, in response to calcium depletion from the endoplasmic Yeast and vNPCs differ in their interactions with the reticulum (Akey, 1995; Greber and Gerace, 1995;  framework of the pore complex. The inner spoke ring is attached to similar second/central spoke domains that Stehno-Bittel et al., 1995) . Perhaps Ca 2ϩ depletion from the NE lumen may play a role in the earliest stages penetrate the nuclear membrane. In addition, the proximal region of the linear arm in the yNPC (see Figures of mitosis and programmed cell death, by triggering a conformational change within the spokes that modu-5A and 5C) either forms part of the inner spoke ring or is attached to an ISR component. The inner spoke ring lates the transport activity of the central transporter. As yeast do not undergo open mitosis or apoptosis, they provides a conserved framework in which the central transporter is suspended (Figures 1 and 8) . Moreover, may not require the larger spoke design.
these conserved spoke domains may play a role in seeding NPC assembly.
The Functions of Conserved Domains in NPCs
Many nup homologs are shared between yeast and How are substrates translocated through the NPC and peripheral assemblies? Structural data suggest that nuvNPCs (e.g., yeast and human Nic96p; yNup170p/ yNup157p and vNup155p; yNup84p and vNup107p; clear transport may span two different environments. First, substrate complexes that are bound to the cyto- Doye and Hurt, 1997) , and the transport factors are conserved (Koepp and Silver, 1996) . Therefore, yeast and plasmic filaments or nuclear basket must move to the transporter (Richardson et al., 1988; Kiseleva et al., 1996 ; vNPCs are expected to share a common structure that mediates nuclear transport. A comparison between Pante and Aebi, 1996; Rutherford et al., 1997) . In a second step, substrates traverse a central channel within yeast and vNPCs reveals a conserved inner spoke ring (Figure 8 ), which may function as the central organizing the NPC (Feldherr et al., 1984; Akey and Goldfarb, 1989;  (crude, enriched, and highly enriched) were isolated with the proto- Akey, 1990 ). In our studies, both yeast and vertebrate col of Rout and Blobel (1993 spoke classes used dynamic clouds and hierarchical ascendant classification (Frank, 1990; Akey, 1995) , and final classes were Two evolutionary scenarios could account for these dif- (Akey and Radermacher, 1993) .
an earlier and smaller NPC that is ancestral to all modern NPCs. With a completed yeast genome sequence in
Mass Analysis of yNPCs
hand, the smaller yNPC will now serve as a focus for
The dform yNPCs were subjected to mass analysis by scanning future labeling and transport studies, which may provide transmission electron microscopy using a wet film sample preparapositional and functional information on individual nups tion method (Wall and Hainfeld, 1986) , with TMV as a mass standard.
and their roles in nucleocytoplasmic transport.
In some cases, fixation with 0.1% formaldehyde/0.2% glutaraldehyde in sample buffer was done for 25 min. Images were recorded on the STEM1 at Brookhaven National Laboratory at 40 kV with a Experimental Procedures 2.5 Å diameter beam. The intensity of yNPCs was integrated after background correction and multiplied by the TMV scale factor to Specimen Preparation and Electron Microscopy obtain the correct mass. Programs were provided by Dr. G. SosNPCs were isolated from Saccharomyces uvarum (NCYC74) in detergent-extracted and membrane-associated forms. The fractions insky.
